Monolayers of semiconducting transition metal dichalcogenides are two-dimensional direct-gap systems which host tightly-bound excitons with an internal degree of freedom corresponding to the valley of the constituting carriers. Strong spin-orbit interaction and the resulting ordering of the spin-split subbands in the valence and conduction bands makes the lowest-lying excitons in WX2 (X being S or Se) spin-forbidden and optically dark. This results in their long lifetime, making them potentially interesting for valleytronics. With polarization-resolved photoluminescence experiments performed on a WSe2 monolayer encapsulated in a hexagonal boron nitride, we show how the intrinsic exchange interaction in combination with the applied in-plane and perpendicular magnetic fields enables one to probe and manipulate the valley degree of freedom of the dark excitons.
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Monolayers of transition metal dichalcogenides (TMDs), such as MX 2 with M=Mo or W, and X=S, Se or Te, are two-dimensional direct-gap semiconductors 1 which attract a lot of interest due to their unique physical properties and potential applications in optoelectronics, photonics and the development of valleytronics [2] [3] [4] [5] [6] [7] . The direct bandgap in semiconducting TMDs (S-TMDs) is located at the two inequivalent K ± points of the first Brillouin zone (valleys), related by time reversal symmetry. In monolayers, the tightly bound and optically bright excitons [8] [9] [10] [11] from K ± valley can efficiently couple to light with right/left circular polarization 12, 13 , respectively.
A unique feature of S-TMD monolayers is the so-called spin-valley locking 13 : strong spin-orbit interaction lifts the degeneracy between the two spin projections s =↑, ↓ in each valley, leaving only the Kramers degeneracy between the opposite valleys, K + , s ↔ K − , −s. While the valence band spin-orbit splitting ∆ v is very large (several hundred meV 13 ), its conduction band counterpart ∆ c is by an order of magnitude smaller [14] [15] [16] [17] [18] , thus allowing some degree of manipulation by an in-plane magnetic field. In tungsten-based S-TMDs, ∆ c has the same sign as ∆ v , leading to the spin subband ordering shown in Fig. 1a . In each valley, the optically bright exciton has a higher energy than the dark exciton which is composed of the conduction and valence electronic states with opposite spin projections. This, among other things, results in a strong temperature dependence of the photoluminescence (PL) efficiency, as the bright states become more populated at higher temperatures [19] [20] [21] .
Dark excitons can couple to light only via a residual spin-flip dipole matrix element d ⊥ , whose direction is perpendicular to the monolayer plane [22] [23] [24] . In consequence, the emission of dark excitons is directed predominantly along the monolayer plane, in contrast to the out-ofplane emission of bright excitons characterized by strong in-plane optical dipoles, d (see Fig. 1b) . Notably, the valley degeneracy of dark excitons is lifted by the exchange interaction which mixes the valleys and produces two eigenstates with different energies. The higher energy component takes up the whole oscillator strength due to d ⊥ (so we call it "grey"), while the low-energy component is completely decoupled from light and truly "dark" 23, 25 .
The possibility to control the valley degree of freedom for bright excitons by optical polarization [26] [27] [28] and external magnetic field [29] [30] [31] is impaired by the quick valley relaxation due to the exchange interaction 22, 32 , because the latter (i) depends on the exciton center-of-mass momentum, and (ii) is considerably strong, being governed by the same (large) in-plane dipole moment d as the optical transitions. For dark excitons, the exchange interaction is (i) a short-range local field effect, so it weakly depends on momentum, (ii) strong enough to produce a sizeable dark-grey splitting δ ≈ 0.6 meV ≈ 7 K in WSe 2 33 which makes the dark component dominant at low temperatures, and (iii) at the same time weak enough to enable a control of the splitting and of the valley content by a perpendicular magnetic field B ⊥ of a few Tesla 33 . Importantly, by applying an in-plane magnetic field B , one can transfer the in-plane oscillator strength from the higher-energy bright states to the dark-grey doublet 17, 18 , thus boosting the out-of-plane emission of light from both components of this doublet.
In this work we present an experimental implementation of the described "dark exciton valley toolkit" in a WSe 2 monolayer. In particular, we experimentally demonstrate the coherent valley-superposition nature of the dark and grey excitons by transferring the oscilla- tor strength from the bright excitons with an in-plane magnetic field and detecting a linearly polarized luminescence. We use a WSe 2 sample encapsulated in hexagonal boron nitride (hBN), which is known to significantly enhance the sample quality [34] [35] [36] [37] [38] . In our experiment, the encapsulation leads to a very strong brightening effect, much more pronounced than observed earlier 17, 18 , and enables us to spectrally resolve the fine structure of the brightened dark excitons.
THEORETICAL BACKGROUND
The valley structure of intravalley excitons in a magnetic field of arbitrary orientation can be described using the model of Refs. 17, 23, and 33. Let us work in the basis of the four intravalley A-exciton states with zero center-of-mass momentum at zero magnetic field. These states |K ± , s c can be identified by the valley K ± and the conduction band spin projection s c =↑, ↓. The valence band spin projection is fixed for the A exciton: s v =↑ in K + valley and ↓ in K − . The states |K + , ↑ , |K − , ↓ are bright and are denoted by |K ± , b , respectively. Their transition dipole matrix elements lie in the plane and correspond to the two circular polarizations, 0|d|K ± , b = −id (±e x + ie y ). The states |K + , ↓ , |K − , ↑ are denoted as |K ± , d and have transition dipoles 0|d|K ± , d = id ⊥ e z , perpendicular to the plane [22] [23] [24] 33, 39 ,
(1) Counting energies from the dark exciton state, we denoted by ∆ ≈ 40 meV 17,18,24,33 and δ ≈ 0.6 meV 33 , respectively, the dark-bright and dark-grey splitting at zero field. The parameter δ characterizes the short-range exchange interaction which lifts the valley degeneracy of the dark excitons at B ⊥ = 0 and forms two new (grey and dark) eigenstates:
Other terms in equation (1) The magnetic field terms in Hamiltonian (1) provide the experimental tools which enable one to control and probe the dark exciton states. At B = 0, one can tune continuously the valley content of the dark and grey excitons by changing B ⊥ . Then, turning on the B field, one can admix the bright states to the dark-grey sector, thereby transferring the in-plane oscillator strength; since ∆ is the largest energy scale in Hamiltonian (1), this admixture can be treated perturbatively. Then, it turns out that the valley content of the eigenstates in the darkgrey sector can be probed by measuring linear polarization of the light emitted now in the direction perpendicular to the monolayer plane. Consider an eigenstate |ψ d at B = 0 in the form of a general linear combination,
with real χ ± , χ 2 + + χ 2 − = 1 and some phase φ d . Let us apply B and detect the luminescence, emitted normally to the plane, with an analyzer selecting the electric field direction with the polar angle φ a . Then, calculating perturbatively in 1/∆ the corresponding in-plane dipole matrix element, we obtain the emitted light intensity:
where φ B = arctan(B y /B x ) is the polar angle of the inplane magnetic field. Below we present the experimental implementation of the described tools.
MAGNETIC BRIGHTENING OF DARK EXCITONS: BOOSTING THE LIGHT EMISSION FROM WSE2 MONOLAYER
Figs. 2 a-c and 3 illustrate the results of micromagneto-PL measurements performed in a wide spectral range (1.64 − 1.71 eV), covering the whole emission spectrum of our sample, but at the expense of rather low spectral resolution (0.8 nm). In contrast, the results shown in Fig. 2 d and in the inset of Fig. 2 a refer to experiments with higher spectral resolution (0.1 nm). All spectra were measured in the configuration of the normal (to the sample plane) coincidence of the excitation and the collected beams (see Fig. 1 b and the Methods section for more details). The PL peaks, labelled as X D and X G , are ascribed, correspondingly, to dark and grey states of the neutral exciton. Only X G is observed in the spectra measured at zero magnetic field. We expect that the X Gemission is directed predominantly along the monolayer plane, thought it is still visible in the spectra, due to a relatively high numerical aperture (NA) of the lenses used to collect the emitted light. Both components of the X D /X G doublet contribute to the emission spectrum when the magnetic field is applied (see, e.g., Fig. 2 d) . Note that this doublet structure is not resolved in the spectra shown in Fig. 2 b , measured with low spectral resolution. These results are in good agreement with previous reports 24, 33, 35, [40] [41] [42] [43] [44] : (i) the grey exciton X G -line is red-shifted by 38 meV from the emission peak X B associated with the neutral bright exciton (see Fig. 2 a) , (ii) the energy separation between the grey (X G ) and dark (X D ) excitons is δ = 660µeV (see Fig. 2 Application of the in-plane magnetic field B leads to a strong brightening effect, which is remarkably pronounced in our encapsulated WSe 2 monolayer, much more than in previously probed WSe 2 monolayers on Si/SiO 2 substrates 17, 18 . This is demonstrated in Fig. 2 b showing PL spectra measured in a wide spectral range, as a function of B . With increasing B , the intensity of the grey/dark exciton doublet (separate components not resolved) increases significantly, while the intensity of the bright exciton and of the lower energy features of the spectrum, stays practically at the same level. In Fig. 2 c, we plot the total emission intensity (integrated over the whole PL spectrum) as a function of B . At B = 14 T, the total emission intensity is enhanced by an order of magnitude and practically the whole luminescence of the sample is due to the dark/grey excitons doublet.
The PL response of our hBN/WSe 2 /hBN sample, measured with better spectral resolution, enabled us, for the first time, to resolve the magnetic brightening of the dark and grey components separately. As can be seen in Fig. 2 d, while only the grey exciton is observed when B = 0, at fields above 1.6 T the X D line becomes more intense. The B dependence of the intensity of each component is expected to be I = I 0 + αB 2 (Refs. 17 and 18), where the zero-field intensity I 0 vanishes for the dark component but is nonzero and depends on the NA of the excitation/detection lens for the grey component. The results of the quadratic fit are shown in Fig. 2 e. The α parameter turns out to be strongly different for the two components: α D = 0.45 T −2 , while α G = 0.09 T −2 . This large difference is explained by the difference in the populations of the two states: at temperature T = 4.2 K which corresponds to our experimental conditions, the population ratio is e −δ/k B T = 0.16, in reasonable agreement with the measured ratio α G /α D = 0.2.
POLARIZATION-RESOLVED MEASUREMENT: PROBING THE VALLEY COHERENCE
Having resolved spectrally the magnetically brightened dark and grey excitons, we can investigate their polarization properties since the majority of the emitted light is now directed perpendicular to the surface, see Fig. 2 f, which shows the spectrum, measured with a resolution of 0.2 nm. We present in Fig. 2 g the integrated PL intensity for each peak, as collected via the linear polarizer and measured as a function of the angle φ a − φ B between the polarizer axis and the direction of the B field. For the dark exciton, the polarization dependence fully agrees with equation (2): indeed, at B ⊥ = 0, we have χ + = −χ − = 1/ √ 2 and φ d = 0, resulting in the transition dipole oriented along B . Our polarization measurement thus reveals experimentally the nature of the dark exciton state, which is a coherent superposition of the states in the two valleys.
For the grey exciton, the measured polarization dependence corresponds to equation (2) plus a constant background. The latter is due to large NA of the lens used to collect the emitted light. Indeed, equation (2) describes emission perpendicular to the monolayer and thus is valid in the limit of small NA. Our large-NA lens picks up the light emitted by the out-of-plane component d ⊥ of the transition dipole moment, which has no in-plane polarization. For the dark exciton at B ⊥ = 0, this component is absent.
PERPENDICULAR FIELD: MANIPULATING THE VALLEY CONTENT
Application of a magnetic field B ⊥ in the direction perpendicular to the monolayer plane shifts the energies in the two valleys in the opposite directions. Thus, the eigenstates in the dark-grey sector resulting from valley mixing by exchange coupling have no longer equal weights in the two valleys. As a result, both grey and dark exciton components have a finite (out-of-plane) optical dipole moment even at B = 0, and are visible in the luminescence spectra 33 .
The magneto-luminescence spectra for two the opposite circular polarizations, measured in the Faraday configuration are shown in Fig. 3 a. The bright exciton emission splits into two circularly polarized components centered at energies E b,± = E B ± g b µ B B ⊥ /2, due to the valley Zeeman effect, as can be appreciated at the top of Fig. 3a,b . We obtain g b = −4.2, in agreement with previously reported values 6, 29, 33, [45] [46] [47] .
The magnetic field evolution of the dark and grey exciton peaks is different. First, the intensity of dark(grey) exciton line is the same in both circular polarizations. Secondly, the peak energies are separated by the the exchange gap δ:
From the fit we extract δ = 650 µeV and |g d | = 9.6, in agreement with Ref. 33 (δ = 600 µeV and |g d | = 9.4) and our measurements in the in-plane field, described above (δ = 660 µeV). In the single particle picture, the Zeeman shift in a perpendicular magnetic field has two contributions: the spin and the valley-orbital 6, 29, 45, [48] [49] [50] . The latter is the same for bright and dark excitons from the same valley. Hence, from the difference in the g factors of dark and bright excitons we can extract the spin g factor in the conduction band, which amounts to 2.7. 
CONCLUSIONS
In this work, we investigated the PL response of a hBN-encapsulated WSe 2 monolayer subject to a magnetic field, whose direction lies in the monolayer plane, or perpendicular to it. Thanks to the encapsulation, the in-plane field leads to a very pronounced brightening effect on the dark lowest-energy excitons in WSe 2 , and most of the sample's luminescence comes from these dark excitons. Moreover, in our encapsulated sample one can resolve the fine structure of the magnetically brightened dark excitons, split by the exchange interaction which produces two coherent valley superpositions as eigenstates. We were able to probe the coefficients of the superpositions by a polarization-resolved PL measurement. These coefficients can be changed by applying a perpendicular and/or parallel magnetic field. These findings open a perspective for controlled manipulation of the valley degree of freedom of long-lived dark excitons in monolayer S-TMDs.
METHODS
The active part of our sample consists of a monolayer of WSe 2 , which has been encapsulated in hBN and deposited on a bare Si substrate. It was fabricated by twostage polydimethylsiloxane (PDMS)-based 51 mechanical exfoliation of WSe 2 and hBN bulk crystals. Micromagneto-PL measurements (spatial resolution ∼ 5 µm) were carried out at liquid helium temperature using two different experimental set-ups. In each setup, the sample was placed on top of a x − y − z piezo-stage kept at T = 4.2 K and was excited using laser diodes with either 515 nm wavelength (2.408 eV photon energy) or 647 nm wavelength (1.917 eV photon energy). The emitted light was dispersed with a 0.5 m long monochromator and detected with a charge coupled device (CCD) camera. The data presented in Fig. 2 a-e and Fig. 3 refer to measurements performed with the fiber-optic based set-up and were carried out in magnetic fields up to 14 T. Unpolarized emission was measured in Voigt configuration (Fig. 2 a-e) whereas the σ − and σ + -polarized components of the emitted light were resolved in experiments (see Fig. 3 ) performed in the Faraday configuration (polarizers placed in a close vicinity of the sample, in between the sample and optical fibers). The data presented in Fig. 2 f-g, refer to experiments carried out using a split-coil (10 T) superconducting magnet with a freebeam-optics arrangement. The linear polarization of the emission was analyzed using a set of polarizers placed directly in front of the spectrometers. The data presented in Figs. 2 and 3 refer to spectra measured with different spectral resolutions: 0.8 nm - Fig. 2 a-c and Fig. 3 ; 0.1 nm -the inset of Fig. 2 a and Fig. 2 d; and 0.2 nm for Fig. 2 e-g.
